The triple-layered Sr 4 Ru 3 O 10 is characterized by an unexpectedly strong quasi-two dimensional characteristic, and a sharp metamagnetic transition and ferromagnetic behavior occurring within the basal plane and along the c axis, respectively. The interplane resistivity at magnetic field B, up to 32 T, exhibits very lowfrequency quantum oscillations associated with the spin polarized state when B is parallel to the c axis, and a large magnetoresistivity accompanied by critical fluctuations governed by the metamagnetic transition when B is perpendicular to the c axis. The complex behavior evidenced in magnetization, specific heat, and resistivity presented is not characteristic of any obvious ground states, and points to a unusual state that shows a delicate balance between fluctuations and order. Implications of these results are discussed. One of the major characteristics in the layered ruthenates, known as the Ruddlesden-Popper ͑RP͒ series, is that electronic and magnetic properties are critically linked to the lattice through the orbital degree of freedom. These layered ruthenates with strong magnetoelastic interactions are found to have an astonishing and distinctive dimensionality dependence of all physical properties that change systematically and profoundly with the number of RuO 6 octahedral layers.
One of the major characteristics in the layered ruthenates, known as the Ruddlesden-Popper ͑RP͒ series, is that electronic and magnetic properties are critically linked to the lattice through the orbital degree of freedom. These layered ruthenates with strong magnetoelastic interactions are found to have an astonishing and distinctive dimensionality dependence of all physical properties that change systematically and profoundly with the number of RuO 6 octahedral layers. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Certainly, the RP series of the ruthenates represents a dramatic example of nature's success in engineering layered systems that are characterized by the coexistence of different kinds of order and the ground state instability. The RP series of the ruthenates has the general formula (Ca,Sr) nϩ1 Ru n O 3nϩ1 , where n ͑ϭ1, 2, 3, and ϱ͒ is the number of layers of corner sharing RuO 6 octahedra per formula unit. The progression of n from 1 to ϱ represents an increase in structural dimensionality as the number of nearestneighbors increases from four for nϭ1 to six for nϭϱ. It is found that the layered Ca nϩ1 Ru n O 3nϩ1 (nϭ1, 2, and ϱ͒ are all on the verge of metal-nonmetal transition and tend to be antiferromagnetic, [3] [4] [5] [6] [11] [12] [13] [14] [15] whereas the isostructural and isoelectronic Sr nϩ1 Ru n O 3nϩ1 (nϭ1, 2, 3, and ϱ͒ are metallic and seemingly inclined to be ferromagnetic with a notable exception being Sr 2 RuO 4 , that displays unconventional superconductivity. 1,8 -11,15-17 The sensitivity of Fermi surface topography to the lattice or structural distortions is unusually strong in that no such behavior has been observed in other transition metal RP systems where the ground state can be readily and drastically changed by the isostructural and isoelectronic cation substitution ͑Ca or Sr͒. It is this ground state instability that drives the interesting behavior and characterizes the layered ruthenates. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Sr nϩ1 Ru n O 3nϩ1 , besides the p-wave superconductor Sr 2 RuO 4 (nϭ1), 1 also includes the strongly enhanced paramagnet Sr 3 Ru 2 O 7 (nϭ2, T M ϭ18 K), 8 and the itinerant ferromagnet SrRuO 3 (nϭϱ, T C ϭ165 K). 11 The bilayered Sr 3 Ru 2 O 7 demonstrates behavior consistent with proximity to a metamagnetic quantum critical point, 9 ,10 and the infinitelayered SrRuO 3 is an itinerant ferromagnet with a reduced magnetic moment of 1.1 B /Ru. 11 With nϭ3 intermediate between nϭ2 and ϱ, the triple-layered Sr 4 Ru 3 O 10 shows ferromagnetic behavior with T C ϭ105 K, 17 followed by an additional magnetic transition at T M ϭ50 K primarily along the c axis. While the evolution of ͑ferro͒magnetism in Sr nϩ1 Ru n O 3nϩ1 apparently reflects variations in the Fermi surface topography consistent with the progression of n from 1 to ϱ, transport and thermodynamic properties observed in this study suggest that Sr 4 Ru 3 O 10 is poised between an itinerant metamagnetic state and an itinerant ferromagnetic state that characterize its closest neighbors Sr 3 Ru 2 O 7 and SrRuO 3 , respectively. The anisotropic and complex magnetism is accompanied by critical fluctuations and an equally anisotropic and complex transport behavior including a large tunneling magnetoresistance and low frequency quantum oscillations that are uncommon in oxides and not discerned in Sr 3 Ru 2 O 7 . In this paper, we report on the resistivity, magnetization, and specific heat of single crystal Sr 4 Ru 3 O 10 as a function of temperature and magnetic field.
The single crystals studied were grown using flux techniques and characterized by single crystal x-ray diffraction at various temperatures, EDX, and TEM, which suggest no intergrowth. From the Dingle plot the Dingle temperature T D ϭh/4 2 k B , a measure of the scattering time, is estimated to be T D ϭ3.2Ϯ0.8 K comparable to those of good organic metals, whose T D varies from 0.5 to 3.5 K, indicating a high quality of single crystals. High field ͑Ͼ9 T͒ measurements were performed at the National High Magnetic Field Laboratory through a user program.
The orthorhombic unit cell of Sr 4 Ru 3 O 10 is composed of triple layers of corner-shared RuO 6 octahedra separated by double rock-salt layers of Sr-O. 17 The triple-layered feature is clearly illustrated in the TEM image and the diffraction pattern taken along ͓110͔ direction shown in Fig. 1 . Remarkably, RuO 6 octahedra in the outer layers are elongated at low temperatures, 17 which affects d zx and d yz orbitals, and the RuO 6 octohedra in the outer layers of each triple layer are rotated by an average of 5.6°around the c axis, whereas the octahedra of the central layers are rotated by an average of 11.0°in the opposite direction, 17 which may drive ferromagnetic coupling.
Displayed in Fig. 2 are the temperature dependences of the magnetization M and resistivity , for the basal plane and the c axis, and the specific heat C measured with accalorimetry 18, 19 and normalized by a low-temperature value measured earlier. 20 In Fig. 2͑a͒ , M for the c axis at B ϭ0.01 T shows a Curie temperature T C at 105 K, which is then followed by a sharp transition at T M ϭ50 K ͑magnetic fields B and H are scaled versions of each other, the former measured in Tesla and the latter measured in A/m. B is used here͒. The irreversibility of M becomes large below T M , consistent with a ferromagnetic behavior. However, M for the basal plane exhibits only a weak cusp at T C , but a pronounced peak at T M , resembling an antiferromagneticlike behavior ͑see the inset͒, and showing a much smaller irreversibility. While the strong competition between ferromagnetic and antiferromagnetic coupling is always a major characteristic of the ruthenates, this behavior is not entirely expected in that the evolution of magnetism in Sr nϩ1 Ru n O 3nϩ1 for nϭ1, 2, and ϱ, would suggest an increasingly strong, but less anisotropic, coupling favorable for ferromagnetism as n increases and as the orthorhombicity and the RuO 6 rotation are present. 21, 22 The magnetic susceptibility for 150-350 K obeys the Curie-Weiss law, yielding highly anisotropic Pauli susceptibilities o of 4.1ϫ10 Ϫ3 and 1.4ϫ10 Ϫ4 emu/mole for the c axis and the basal plane, respectively. ͑The Curie-Weiss law holds for paramagnetic metals that are in the vicinity of the ferromagnetic instability c axis suggests a large density of states near the Fermi surface, in accord with the Stoner criterion for ferromagnetism that occurs along the c axis. On the other hand, o for the basal plane is more than an order of magnitude smaller than that of the c axis, implying a less energetically favorable condition for ferromagnetism so evident in Fig. 2͑a͒ . The surprisingly large anisotropic o ( o c / o ab ϭ29) certainly points to the highly anisotropic density of states near the Fermi surface. Measurements of specific heat C(T) yields the electric specific heat ␥ϭ109 mJ/mol K 2 . The Wilson ratio R w (ϭ3 2 k o / B 2 ␥) is found to be 2.4 and 0.08 for the c axis and the basal plane, respectively, assuming ␥ probes the average value of the renormalization effect over the entire Fermi surface. All these results reflect the high density of states for the c axis that brings about the ferromagnetic behavior, and yet the much smaller density of states for the basal plane that is not large enough to cause ferromagnetic instability ͑see Table I for comparisons͒. It is thus not entirely surprising that C(T) exhibits a perfect T 3 dependence below 30 K without any visible deviation, e.g., T 3/2 -dependence expected for ͑three-dimensional͒ ferromagnetic spin waves ͓see the inset of Fig. 2͑b͔͒ , although the lowtemperature specific heat is currently being reexamined more closely. 19 Shown in Fig. 2͑b͒ is the resistivity vs temperature for the c axis and the basal plane. c exhibits anomalies corresponding to T C and T M , whereas ab shows weaker ones at T C and T M ͑not obvious in the figures͒. The most prominent features are the unexpectedly large anisotropy and unusual temperature dependence of c . The ratio of c / ab ranges from nearly 30 at 2 K to 10 at 350 K, a still quite twodimensional characteristic despite of the triple layered structure. c precipitously drops by nearly an order of magnitude from 50 to 2 K. Such a drop in c is somewhat similar to that of Sr 2 RuO 4 and Sr 3 Ru 2 O 7 but more pronounced and less anticipated because the triple-layered structure should be more energetically favorable for interplane hopping. It is likely to be due to a drastic reduction of spin scattering as the system becomes more spin polarized below T M , evidenced in Fig. 2͑a͒ . This is supported by the data shown in Fig. 2͑c͒ where the anomaly at T M rapidly decreases with increasing B applied parallel to the basal plane and eventually vanishes at Bϭ4 T. The brief nonmetallic behavior ͑negative slope͒ seen between T M (ϭ50 K) and 70 K may be associated with the elongated RuO 6 octahedra in the outer layers at low temperatures. 17 Our recent single crystal diffraction also shows that the c axis is elongated by approximately 0.2% from 300 to 90 K. Such a lengthened c axis lifts the degeneracy of the t 2g orbitals and narrows the d xz and d yz bands relative to the d xy bond weakening the interplane hopping. This point is in line with the high density of states indicated by o c . It is also possible that the system undergoes a structural transition such as a rotation of RuO 6 below T M . The domain wall pinning at TϽT M may become stronger, giving rise to the stronger hysteresis as seen in Fig. 2 . The reduced symmetry below T M breaks some symmetry restriction and increases the interlayer tunneling, thus reducing the c-axis resistivity. The transition and the rotation are strongly affected by B because of the strong spin-orbit coupling, giving rise to the behavior seen in Fig. 2͑c͒ .
At low temperatures, Fermi liquid behavior survives as 7 , it is not because of better transport along c but because of more basal plane scattering. It is also surprising that the anisotropies in A ͑ϳ31͒ and o ͑ϳ24͒ are similar, since the latter depends only on the band mass and elastic scattering rate, while A depends on the interacting quasiparticle effective mass and inelastic rate, and, unlike Sr 3 Ru 2 O 7 , the susceptibility is anisotropic. In any case, all these parameters, tabulated in Table I , clearly suggest that the Fermi surface remains anisotropic in this triple layer material. The value of A c is much larger than that of ordinary Fermi liquids and, along with the c-axis Wilson ratio R W ϭ2.4, suggests strong correlation effects in this direction.
Consistent with the above results, both c and ab show neither a T 3/2 nor T 5/3 dependence in the vicinity of the magnetic anomalies expected for a three-dimensional antiferromagnet and ferromagnet, respectively. 24, 25 Beyond the transition regions, ab shows essentially linear temperature dependence for temperature ranges of 18 -38, 50-100, and 140-350 K, suggesting strong fluctuations. Furthermore, ab shows negative magnetoresistivity, defined as ⌬/(0T), that reaches as large as 28% in the vicinity of and below T M at Bϭ5 T applied parallel to the basal plane ͓see Fig. 2͑d͔͒ . This is important because spin scattering is expected to be minimized at Bϭ0 in itinerant ferromagnets where electrons find the path of least dissipation to cross the sample, and thus positive magnetoresistance is anticipated in the presence of B which forces electrons to take a different path. The observed negative magnetoresistance of ab is a clear indication of large spin fluctuations existing in a non-ferromagnetic state. This point is consistent with the T dependence of ab at 5 T for 10-100 K shown in Fig. 2͑d͒ .
Indeed, as shown in Figs. 3͑a͒ and 3͑b͒ , where the isothermal magnetization M for the basal plane and the c axis for various temperatures is plotted, 26 spins along the c axis are readily polarized at only 0.2 T, yielding a saturation moment M s of 1.13 B /Ru extrapolated to Bϭ0 for Tϭ1.7 K, slightly more than a half of 2 B /Ru expected for an Sϭ1 system. This M s is comparable with that for SrRuO 3 whose easy axis lies within the basal plane, 11 but the distinct field dependence of M shown in Fig. 3 is vastly different from that of SrRuO 3 ͑Ref. 11͒ and Sr 3 Ru 2 O 7 .
8 While the irreversibility of M for the c axis is typical of a ferromagnet, M for the basal plane shows a sharp metamagnetic transition, B c . Clearly, B c decreases and broadens with increasing temperature, and vanishes at T M ϭ50 K ͓Fig. 2͑b͔͒. The metamagnetism is observed in Sr 3 Ru 2 O 7 for both the basal plane and the c axis with broader and higher B c , which drives the ground state from a paramagnetic state at low fields to an induced ferromagnetic state at high fields.
9,10 Itinerant metamagnets are often characterized by a maximum in the temperature dependence of the paramagnetic susceptibility. 25 In light of the itinerant and unusual magnetic character with ferromagnetism along the c axis and the antiferromagneticlike behavior within the basal plane shown in Figs. 2 and 3 , it is intriguing as to whether this metamagnetic transition represents a transition between a paramagnetic and ferromagnetic state similar to that of itinerant metamagnets such as Sr 3 Ru 2 O 7 , or a transition that characterizes a change from an antiferromagnetic state at low fields to a ferromagnetic state at higher fields, a process that manifests strong competing interactions between ferromagnetic and antiferromagnetic couplings, and is known to often occur in insulators. 27 It is clear, however, that this exotic behavior in Sr 4 Ru 3 O 10 is not characteristic of either a robust ferromagnet or an antiferromagnet, implying the close energies of the states. It is worth pointing out that the anomalous magnetic behavior is often related to structural changes, and it is possible that the magnetic behavior observed is driven by structural changes at temperatures below 50 K, which are yet to be observed.
This line of reasoning is reinforced by the fact that the c-axis transport properties appear to be dominated by the metamagnetic transition. Exhibited in Fig. 3͑c͒ are the magnetic field dependences of A c and oc , obtained by fitting the data below 15 K ͓see Fig. 2͑c͔͒ to c ϭ oc ϩA c T ␣ , for 0 рBр7 T. ␣ϭ2, except between 2.7 and 2.9 T, for which the anomalous exponent ␣ϭ1.2, as also found in Ca 3 Ru 2 O 7 ͑Ref. 4͒ and in heavy Fermion compounds near quantum critical points.
28, 29 The sharp peaking of both A c and oc suggests large changes in carrier density and is strikingly similar to that in Sr 3 Ru 2 O 7 near 7.85 T below 0.35 K, the key evidence for its magnetic field-tuned quantum criticality. 10 The transport properties driven by the metamagnetism is also illustrated in Fig. 4 , where c is plotted as a function of B rotating from the c axis to the a axis ͑no difference is discerned for B parallel to the a-and b-axes͒. ⌰ is defined as an angle between the c axis and B. Noticeably, c rises initially with increasing ⌰ by nearly 40% from 1.58 m⍀ cm at ⌰ϭ0°(B ʈ c or the easy axis͒ to 2.47 m⍀ cm at ⌰ϭ42°at 32 T. This behavior suggests minimized scattering at ⌰ϭ0 where spins are largely polarized along the c-axis. As ⌰ reaches ⌰ϭ43.4° c starts to show negative magnetoresistivity characterized by a sudden drop at a critical field B c . This B c systematically decreases with increasing ⌰, apparently corresponding to the metamagnetic transition that leads to the rapid spin polarization evidenced in M when B ʈ ab. The abrupt metamagnetic transition yields a negative magnetoresistivity ratio of more than 60%. Such a large interplane magnetoresistivity is believed to be due to a tunneling effect facilitated by a field-induced coherent motion of spinpolarized electrons between Ru-O planes, which is also seen in bilayered systems such as Ca 3 30 Evidently, the metamagnetic transition B c reconstructs the Fermi surface and sharply divides the large negative magnetoresistivity and quantum oscillations as can clearly be seen in Figs. 4͑a͒ and 4͑b͒ . The Shubnikov-de Haas ͑SdH͒ effect occurs at low ⌰ and becomes the most pronounced at ⌰ϭ28°shown in Fig. 4͑a͒ . The rapid disappearance of the SdH effect with changing ⌰ reflects the quite two-dimensional nature of the Fermi surface although the SdH frequency as a function of cos ⌰ Ϫ1 is to be established through further investigations.
The SdH effect expectedly becomes stronger as temperature decreases as shown in Fig. 5͑a͒ where c vs B with ⌰ ϭ28°is plotted. Shown in Fig. 5͑b͒ is 3, 4 and is quite common in heavy fermion systems. 31 What makes this triple layered ruthenate intriguing is that it shows a delicate balance between fluctuations and order. This study reveals sound evidence of critical fluctuations driven by the metamagnetic transition in one direction and by ferromagnetic behavior in the other direction. The anisotropic transport properties seem to be critically linked to the metamagnetic transition that leads to the Fermi surface reconstruction evidenced in the quantum oscillations and the large magnetoresistance. All results presented suggest a behavior that is characterized by an exotic ground state with proximity to the itinerant ferromagnetic instability and the possible quantum critical point. Sr 4 Ru 3 O 10 with readily tunable parameters opens an avenue to study the itinerant ferromagnetism and quantum criticality so imperative to highly correlated electrons. 
